Most of the transcription factors (TFs) responsible for controlling seed development are not yet known. To identify TF genes expressed at specific stages of seed development, including those unique to seeds, we used Affymetrix GeneChips to profile Arabidopsis genes active in seeds from fertilization through maturation and at other times of the plant life cycle. Seed gene sets were compared with those expressed in prefertilization ovules, germinating seedlings, and leaves, roots, stems, and floral buds of the mature plant. Most genes active in seeds are shared by all stages of seed development, although significant quantitative changes in gene activity occur. Each stage of seed development has a small gene set that is either specific at the level of the GeneChip or up-regulated with respect to genes active at other stages, including those that encode TFs. We identified 289 seed-specific genes, including 48 that encode TFs. Seven of the seed-specific TF genes are known regulators of seed development and include the LEAFY COTYLEDON (LEC) genes LEC1, LEC1-LIKE, LEC2, and FUS3. The rest represent different classes of TFs with unknown roles in seed development. Promoter-β-glucuronidase (GUS) fusion experiments and seed mRNA localization GeneChip datasets showed that the seed-specific TF genes are active in different compartments and tissues of the seed at unique times of development. Collectively, these seed-specific TF genes should facilitate the identification of regulatory networks that are important for programming seed development.
embryo | transcriptome | mRNA localization S eed development in higher plants begins with a double fertilization process that occurs within the ovule and ends with a dormant seed primed to become the next plant generation (1, 2). The major events that occur during seed development are shown schematically in Fig. 1 and are described elsewhere in detail (1) (2) (3) (4) (5) (6) (7) (8) . Genetic studies with Arabidopsis have uncovered several genes that play major roles in seed development (9) (10) (11) , including those that govern endosperm formation (12, 13) , embryo differentiation (14, 15) , and seed coat development (8) . In addition, molecular studies with Arabidopsis and other plants have identified the ciscontrol regions of several genes active during seed development, particularly those encoding storage proteins, and the transcription factors (TFs) that play a role in their regulation (16) (17) (18) (19) (20) (21) (22) . Nevertheless, the identities of most regulators of seed development and their direct targets are largely unknown.
To date, many studies have been carried out by using microarrays to identify genes that are expressed at different times of the plant life cycle (23) (24) (25) (26) . Only a few of these studies, however, have focused exclusively on seeds and/or embryos to identify important regulators and processes required for seed development (27) (28) (29) (30) (31) . In this paper, we present results of Affymetrix GeneChip experiments that profile genes that are active before, during, and after Arabidopsis seed formation. Our experiments identified 48 TF genes that are active exclusively, or at elevated levels, in seeds. These seed-specific TF genes encode several classes of TFs, are active at different developmental times, and may be important for controlling stage-specific biological events during seed formation. Chimeric promoter-β-glucuronidase (GUS) transgene experiments and laser capture microdissection (LCM) (32) GeneChip datasets demonstrated that the seed-specific TF genes are active in specific seed compartments and tissues, suggesting that they may play an important role in the differentiation and/or function of unique seed parts. Our data represent an important step toward identifying gene regulatory networks (33) in the Arabidopsis genome that are responsible for programming seed development. What these seed-specific TF genes do and how they are integrated into regulatory networks remain to be determined.
Results
Overview and GeneChip Analysis. We carried out GeneChip hybridization experiments (Materials and Methods) by using mRNAs isolated from Arabidopsis unfertilized ovules (OV); seeds containing (i) zygotes (24H), (ii) globular-stage embryos (GLOB), (iii) cotyledon-stage embryos (COT), (iv) mature green embryos (MG), and (v) postmature green embryos (PMG); and postgermination seedlings (SDLG) to identify genes that are active before, during, and after seed development (Figs. 1 and 2A and SI Materials and Methods). These mRNAs represent gene sets that are active during periods when major events occur within the seed -including embryo differentiation, endosperm formation, seed coat development, storage reserve accumulation, and maturation ( Fig. 1 ). We applied a stringent protocol to analyze our GeneChip data and restricted our analysis to mRNAs for which the detection call by the Microarray Analysis Suite (MAS) 5.0 software was P (Present) in both biological replicates to reduce the inclusion of false positives (Materials and Methods). Only probe sets with consensus detection calls of PP were considered to represent mRNAs present in any given developmental stage. Probe sets with discordant MAS 5.0 detection calls between biological replicates [e.g., P and A (Absent), or PA] were assigned a consensus detection call of Insufficient (INS) and removed from further analysis across all datasets used for comparative analysis (Materials and Methods). Thus, the seed stage-specific and seed-specific mRNA sets presented in this paper represent the minimum number of genes that are active at specific periods of seed development.
mRNAs Present Before, During, and After Seed Development. We detected ≈9,000-14,000 unique mRNAs present at different developmental stages (Fig. 2B) . Pearson correlation coefficients between biological replicates ranged from 0.96 to 0.99 (Fig. S1 ), indicating excellent concordance with each other. The number of mRNAs did not vary significantly in the periods before and after fertilization (OV and 24H), including the early stages of seed development (GLOB and COT) [P > 0.30, Analysis of Variance (ANOVA)]. By contrast, the number of mRNAs detected in MG and PMG seed stages decreased significantly (P < 0.001, ANOVA), and the values we obtained agreed with those in the late seed development AtGenExpress dataset (25) . After germination, there was a significant increase in gene activity compared with seed MG and PMG stages (P < 0.001, ANOVA) (Fig.  2B) . Collectively, we detected 15,563 diverse mRNAs throughout seed development (24H to PMG), and 16,701 mRNAs before, during, and after seed formation (OV to SDLG).
The average Pearson correlation coefficients between GeneChip experiments using mRNAs from different stages ranged from 0.97 for OV and 24H samples to 0.20 for PMG and SDLG samples. In general, Pearson correlation coefficients decreased as the seed stage pairs became more distant to each other developmentally. For example, the average correlation coefficients between GLOB and COT, GLOB and MG, and GLOB and PMG mRNAs were 0.87, 0.41, and 0.24, respectively. We grouped features on the Arabidopsis ATH1 GeneChip array into functional categories (34) (Fig. S2A ) and determined that specific functional groups were enriched or reduced in the mRNA populations at each developmental period (Table S1 in Dataset S1).
Taken together, these data show that the number of diverse seed mRNAs decreased significantly when the seed began preparing for dormancy, major changes in gene activity occurred across seed development, and at least 16,000 genes are active throughout seed development.
TF mRNAs Present Before, During, and After Seed Development. We detected ≈700-1,000 diverse TF mRNAs in each developmental stage, representing 36-55% of TF mRNAs represented on the Arabidopsis ATH1 GeneChip (Fig. 2B) . Fewer TF mRNAs were detected in the MG and PMG stages compared with early seed stages (24H to COT) and postgermination SDLG, reflecting the decrease in mRNAs as a whole late in seed development (Fig. 2B) . The proportion of TF transcripts relative to total mRNAs within a population, however, was the same for all stages (i.e., ≈8%). Collectively, we detected 1,327 diverse TF mRNAs throughout seed development (A) Bright-field (OV, 24H), Nomarski (GLOB, COT), and whole-mount (MG, PMG, SDLG) photographs of prefertilization ovule, seed stages, and postgermination seedling used for GeneChip analysis, respectively. OV and 24H seed samples were visualized from 10 μm stained paraffin sections (58) . Insets show seeds used to dissect whole-mount MG and PMG embryos. Embryo in COT seed is at the linear cotyledon (LCOT) stage (Fig. 1). (B) Number of mRNAs detected at each stage of development. Numbers for biological replicates 1 and 2 indicate the number of probe sets with a MAS 5.0 detection call of P in each experiment (Materials and Methods). The number for both biological replicates indicates a consensus probe set detection call of PP and was used for subsequent analysis (Materials and Methods). Scatter plots and correlation coefficients comparing biological replicates are presented in Fig. S1 . (C-F) Minimum number of specific and shared mRNAs at each developmental stage. The stringent filtering process used for these analyses is outlined in Materials and Methods. A total of 8,510 probe sets with INS (e.g., PA) or marginal (MM) consensus calls between biological replicates listed in B were removed across all developmental stages (SI Materials and Methods). The remaining probe sets were used to determine the number of stage-specific mRNAs (C) and mRNAs shared by two stages (D), three to six stages (E), or all stages (F). mRNAs (6,178 of the 6,937) shared by all stages (F) varied quantitatively across development (P < 0.05, ANOVA). Number in parentheses indicates TF mRNAs. The identities of mRNAs in each category (e.g., seed-stage-specific) are listed in Tables S3, S4 , and S7 of Dataset S1. a, axis; c, cotyledon; cc, central cell; ec, egg cell; emb, embryo; hy, hypocotyl; r, roots; zy, zygote.
(24H to PMG) and 1,455 TF mRNAs before, during, and after seed formation (OV to SDLG).
We annotated features on the Arabidopsis ATH1 GeneChip array corresponding to major TF families to determine the spectrum of TF mRNAs present before, during, and after seed development (Fig. S2B ). All major TF families were represented in the mRNA population at each developmental stage. However, significant differences were observed in the representation of specific TF families (Table S2 in Dataset S1). Taken together, these data suggest that at least 1,300 diverse TF mRNAs are required to program all of seed development, the number of TF mRNAs decreases before dormancy, and that the representation of specific TF mRNA families differs at specific developmental periods.
Each Seed Developmental Stage Has a Small Set of Specific mRNAs.
We identified a small number of mRNAs specific to each stage at the level of the GeneChip, including those encoding TFs from a variety of different families ( Fig. 2C and Table S3 in Dataset S1). The stage-specific mRNAs included a range of functional categories, although the majority encoded proteins that were either unclassified or had no known function (Table S3 in Dataset S1). Approximately half of the seed-stage-specific mRNAs were also found to be seed-specific (see Fig. 4 below), suggesting that they play important roles in seed development. The largest numbers of seed-stage-specific mRNAs were observed in the GLOB and COT stages when major differentiation and morphological events occur during seed development ( Fig. 1) . For example, 100 GLOB-specific and 50 COT-specific mRNAs were identified, including 17 and 9 stage-specific TF mRNAs, respectively ( Fig. 2C and Table S3 in Dataset S1). The GLOB-specific TF mRNAs included those encoding AUXIN RESPONSE FACTOR21 (ARF21, AT1G34410), LAT-ERAL ORGAN BOUNDARIES35 (LBD35, AT5G35900), LBD15 (AT2G40470), and MINISEED3 (MINI3, AT1G55600)-the latter playing a major role in seed size (35) . By contrast, we identified <75 mRNAs that were specific for the 24H, MG, and PMG stages, including 9 TF mRNAs (Fig. 2C ). After germination, >500 SDLGspecific mRNAs were observed, including 56 SDLG-specific TF mRNAs ( Fig. 2C and Table S3 in Dataset S1).
We compared the mRNA sets represented in pairs of developmental stages to determine whether there were seed-periodspecific mRNAs in addition to those unique to individual stages (Fig. 2D) . We observed that pairs of seed stages that were close to each other developmentally (e.g., OV-24H, GLOB-COT) had small sets of mRNAs that were not detected at the level of the GeneChip at other stages of development ( Fig. 2D and Table S4 in Dataset S1). For example, OV and 24H seeds had 49 specific mRNAs that were absent in other stages as well as in postgermination SDLG. Similarly, GLOB and COT seeds had 108 mRNAs, including 18 encoding TFs, that were not detected at any other stage investigated, whereas MG and PMG seeds had 98 mRNAs, including 9 TFs, that were absent at other developmental periods. Neither 24H and MG nor 24H and PMG seeds, by contrast, had any detectable pair-specific mRNAs (Fig. 2D) . Analysis of Gene Ontology (GO) terms enriched in both the seed-stagespecific and seed-period-specific mRNA sets (SI Materials and Methods) indicated that the GLOB and COT mRNA sets were enriched in sequences encoding gene regulatory functions (i.e., TFs) (P < 0.01), whereas the MG and PMG mRNA sets were enriched in sequences encoding seed dormancy and embryo developmental functions [e.g., late embryo abundant (lea) proteins] (P < 0.01) ( Table S5 in Dataset S1).
We used the Harada-Goldberg LCM GeneChip dataset (Materials and Methods) to determine where the seed-stage-specific and seedperiod-specific mRNAs were localized within the seed (Table S6 in Dataset S1). Most of the GLOB-and GLOB-COT-specific mRNAs were localized either within the endosperm or the seed coat. Very few were present exclusively within the embryo, although many of the endosperm mRNAs were also colocalized within the suspensor. Most embryo mRNAs were probably below the detection limit of our GeneChip experiments (see below) because of their small contribution to the entire seed mRNA population at these developmental stages (Figs. 1 and 2A). By contrast, the MG-and MG-PMGspecific mRNAs were localized primarily within the embryo or seed coat at these stages of seed development when the embryo is fully differentiated and occupies the majority of space within the seed ( Figs. 1 and 2A) .
We carried out quantitative reverse transcription PCR (qRT-PCR) experiments with 19 seed-stage-specific mRNAs (Fig. 2C ) and seed-period-specific mRNAs (Fig. 2D ), including 13 TF mRNAs, to determine whether they were present at other stages, but below the detection limit of the GeneChip (Table S10 in Dataset S1). In our experiments, the detection level was ≈2 × 10
, or one transcript per 200,000 (Fig. S3A) , which is similar to that determined by others using Affymetrix GeneChips (36, 37) . All tested mRNAs were validated by qRT-PCR in their target stages at levels similar to those observed with the GeneChip (Table S10 in Dataset S1 and Fig. S3B ; Pearson correlation coefficient = 0.76). Most mRNAs tested (≈70%), however, were also detected in one or more other stages at greatly reduced levels (≈10-10,000 fold) ( Table S10 in Dataset S1). The small number of stage-specific mRNAs determined by qRT-PCR to be present in other stages at levels close to that of the target stage, or with slightly reduced levels (2-to 3-fold reduction), had GeneChip signal intensities bordering on the limits of detection (Table S10 in Dataset S1 and Fig. S3C ). Taken together, these results indicate that each stage and period of seed development has a small set of mRNAs, including those encoding TFs, that is either absent from other stages or present at highly reduced levels, and that many of these mRNAs are localized in specific parts of the seed.
Most Diverse Seed mRNAs Are Present Before, During, and After Seed Development. By contrast with the small number of seed-stageand seed-period-specific mRNAs ( Fig. 2 C and D) , most seed mRNAs (≈7,000), including those encoding TFs (≈500), were detected before (OV), during (24H to PMG), and after seed formation (SDLG) (Fig.  2F and Table S7 in Dataset S1), indicating that most diverse seed mRNA sequences are present from fertilization through dormancy. A large number of mRNAs were also observed in mosaic combinations of three to six stages (e.g., OV, 24H, and PMG; COT, PMG, and SDLG), although the total number (≈2,000) was significantly less than those mRNAs shared across development ( Fig. 2E and Table S4 in Dataset S1). Most of the shared mRNAs (4,237 of 6,937 or ≈61%), including those encoding TFs (301 of 473 or ≈64%), changed significantly in prevalence by at least 2-fold during at least one period of development (e.g., OV-24H) (P < 0.01, t test).
We carried out unsupervised hierarchical clustering analysis on a subset of 2,000 shared mRNAs that had the largest standard deviation in signal levels across all developmental stages (i.e., varied the most quantitatively) to identify up-regulated sets of mRNAs ( Fig. 3A and Table S7 in Dataset S1). The different mRNA samples (e.g., OV to SDLG) clustered according to their temporal relationships during seed formation, reflecting the correlation coefficients between developmentally similar and dissimilar mRNA populations (Fig. 3A , top brackets). For example, the OV and 24H shared mRNAs were more similar in their quantitative profiles than the OV and SDLG shared mRNA sets. We identified 11 prominent mRNA clusters in the shared mRNA population (clusters I to XI), including those encoding TFs, demonstrating that complex patterns of quantitative mRNA changes occurred during seed development coinciding with unique developmental events (Fig. 3 A-C and Table S7 in Dataset S1). Shared mRNAs grouped into seed-stage-up-regulated clusters (GLOB, COT, MG, and PMG) (I-IV) and seed-period up-regulated clusters for (i) early seed development (OV to GLOB) (VI and VII), (ii) early to late seed development (GLOB to PMG) (VIII), (iii) late seed development (MG and PMG) (IX), and (iv) postgermination SDLG (V) (Fig. 3 A and B) . In addition, two biphasic mRNA clusters (X and XI) were identified that were up-regulated in temporally distinct developmental periods. Cluster X mRNAs were up-regulated in GLOB seeds and postgermination SDLG, whereas cluster XI contained mRNAs that were highly prevalent in OV-24H and MG-PMG seeds ( Fig. 3 A and B) . Approximately 30% (cluster XI) to 94% (cluster IX) of the mRNAs in each cluster increased in prevalence by at least 2-fold, with a smaller proportion of mRNAs (1-5%) in most clusters increasing >10-fold (P < 0.05, t test) (Fig. 3D) . The highest mRNA abundance change for the shared mRNAs was ≈35-fold and occurred during maturation (MG and PMG, cluster IX) and after seed germination (SDLG, cluster V) (Table S9 in Dataset S1).
GO term analysis of cluster mRNAs showed enrichment for sequences programming distinct processes at specific stages of seed development (Tables S8 and S9 in Dataset S1). For example, the mRNAs present in cluster I (GLOB), cluster II (COT), and cluster III (MG) were enriched for sequences involved in carbohydrate metabolic processes (P < 7.7 × 10 −6
), rhamnose biosynthesis (P < 9.6 × 10 ), respectively. These GO terms most likely reflect key biological events that occur in seeds during these time periods; for example, starch accumulation Fig. 1 ) and probe sets with a consensus detection call of PP in all stages of development (Fig. 2F) was carried out by using dChip 1.3 (56) as described in Materials and Methods. Only the top 2,000 probe sets with the most varying signals across all stages were included in the clustering analysis (SI Materials and Methods). Numbered boxes highlight individual clusters of coregulated mRNAs. The identities of the top 2,000 mRNAs used for this clustering analysis and the mRNAs in each cluster are listed in Table S7 of Dataset S1. GO terms that are enriched significantly in each cluster (P < 0.01) are presented in Tables S8 and S9 Tables S7 and S9 of Dataset S1. (D) The number of mRNAs in each cluster shown in B and the number of mRNAs per cluster that increased significantly in prevalence ≥2-fold and ≥10-fold relative to the mean signal intensity of each cluster (P < 0.05). Scale from −3 (green) to +3 (red) represents the relative number of standard deviations from the mean signal intensity for each probe set across all developmental stages. Processing and filtering of the data are outlined in SI Materials and Methods. Number in parentheses indicates number of TF mRNAs. The identities of seedspecific, seed-specific TF, reproductive-organ-specific, and vegetative-organspecific mRNAs are listed in Table S13 of Dataset S2. GO terms that are enriched significantly in the seed-, reproductive-, and vegetative-specific mRNA sets (P < 0.01) are presented in Table S15 of Dataset S2. Seed development accumulation patterns and representation of functional groups for the 289 seedspecific mRNAs are shown in Fig. S5. (B and C) Unsupervised hierarchical clustering of mRNAs (B) and TF mRNAs (C) shared by all periods of the life cycle [i.e., intersection of mRNA sets in A] was carried out by using dChip 1.3 (56) as described in SI Materials and Methods and Fig. 3A legend. Only the top 2,000 probe sets with the most varying signals across all periods of the life cycle were included in the clustering analysis shown in B (SI Materials and Methods). All 77 TF mRNAs included in the top 2,000 most varying probe sets shared by all life cycle periods (B) were used for the clustering analysis shown in C. Blue, red, and green bars highlight mRNA clusters that are up-regulated in (i) OV and 24H seeds, (ii) GLOB, COT, MG, and PMG seeds, and (iii) SDLG and vegetative organs, respectively. The number of mRNAs in each cluster that increased significantly in prevalence ≥2-fold relative to the mean signal intensity of each cluster (P < 0.05) is listed next to the bars in B. The identities of mRNAs shared throughout the life cycle (A) and those that are present in upregulated clusters (B and C) are listed in Table S17 of Dataset S2. GO terms that are enriched significantly in each cluster (P < 0.01) are presented in Table S18 of Dataset S2. (D) TF families and stage specificity of seed-specific TF mRNAs identified in A. Seed-specific TF mRNAs were classified into families as shown in Fig. S5 . Homozygous T-DNA insertion lines for TF genes marked with a * did not produce a detectable seed phenotype (green * by us and blue * by others) (Table S20 in Dataset S2). Mutations in seed-specific TF genes marked with a # were shown previously by us (e.g., lec 1, lec1-like, lec2, mea) and by others (e.g., pei1, fus3), to produce a seed-defective phenotype (Table S20 in Dataset S2). Scale from −3 (green) to +3 (red) represents the relative number of standard deviations from the mean signal intensity for each probe set across all developmental stages.
in the outer integument seed coat layer (GLOB), mucilage formation in the seed coat (COT), and fatty acid synthesis in the embryos during maturation (MG) (5, 38) . Each cluster contained TF mRNAs (Fig. 3 C and D) that were up-regulated >2-fold in prevalence and may be important for regulating the GO-term biological processes that occur during the corresponding developmental period (Fig. 3C and Tables S8 and S9 in Dataset S1). For example, AtMyb61 mRNA (AT1G09540), ATAF1 mRNA (AT-1G01720), ATbZIP53 mRNA (AT3G62420), and SPLAYED (SY-D) mRNA (AT2G28290) were prevalent in cluster I (GLOB), cluster IV (PMG), cluster IX (MG and PMG), and cluster XI (OV-24H and MG-PMG), respectively. These TF mRNAs have been shown to regulate seed coat mucilage extrusion (AtMyb61) (39), ABA response (ATAF1) (40) , maturation gene expression (ATb-ZIP53) (41) , and cotyledon boundary-shoot meristem formation (SYD) (42), respectively (Table S9 in Dataset S1).
Taken together, these data show that (i) most diverse seed mRNAs, including TF mRNAs, are present before, during, and after seed formation, (ii) shared seed mRNAs undergo significant prevalence changes and are grouped into stage-and period-specific clusters of coup-regulated mRNA sets, and (iii) coup-regulated mRNAs within each cluster encode proteins involved in important seed processes.
Most Seed mRNA Sequences Are Present Throughout the Plant Life
Cycle. We carried out GeneChip hybridization experiments by using mRNAs isolated from floral buds (FBUD), leaves (L), stems (S), and roots (R) (Fig. S4 ) and compared the combined reproductive (FBUD, OV) and vegetative (L, R, S, SDLG) mRNA populations with those present throughout seed development (24H, GLOB, COT, MG, and PMG) to determine the representation of seed mRNAs at other times of the life cycle ( Fig. 4A and Table S13 in Dataset S2). Most diverse seed mRNA sequences were represented in the reproductive and vegetative organs of the mature plant (Fig.  4A) , in addition to being present before (OV) and after seed germination (SDLG) (Fig. 2) . We identified a minimum of 8,084 diverse mRNAs, including 562 TF mRNAs, that were shared by the seed, floral, and vegetative mRNA populations (Fig. 4A ) by using our stringent filtering criterion (Materials and Methods). A smaller number of life cycle mosaic mRNAs (100-200) were shared by different combinations of two of the three developmental periods (e.g., seed and vegetative development; Fig. 4A and Table S16 in Dataset S2). Unsupervised hierarchical clustering analysis of the top 2,000 most varying life cycle-shared mRNAs (Materials and Methods) indicated there were clusters of up-regulated mRNA sets, including those encoding TFs, specific for each period of the life cycle, including seed development (Fig. 4 B and C and Table S17 in Dataset S2). Clusters of up-regulated GLOB, COT, MG, and PMG seed mRNAs were identified in the life cycle-shared mRNA population, including those encoding TFs (Fig. 4 B and C) , that contained sequences also present in up-regulated shared seed mRNA clusters at the same developmental stages (Fig. 3) . For example, ≈80% of the mRNAs that were present within the PMG cluster of the shared seed mRNA population (cluster IV, Fig. 3 A and B) were also found within the PMG seed cluster of the life cycle shared mRNA population (Fig. 4B) . GO term analysis of the up-regulated seed mRNAs (Fig. 4B) showed enrichment for sequences involved in processes that occur during seed development and maturation (e.g., water deprivation, fatty acid biosynthesis; Table S18 in Dataset S2). Thus, many stage-and period-specific seed mRNAs were upregulated in the context of both seed development and the entire plant life cycle.
Collectively, we detected a total of 18,504 diverse mRNAs, including 1,675 TF mRNAs, during seed, reproductive, and vegetative periods of the life cycle at the level of the GeneChip, a value only 20% higher than the 15,563 diverse mRNAs present during seed development. Taken together, these data indicate that (i) there is a large overlap in the mRNA populations of developing seeds, from fertilization through dormancy, with those present in floral and vegetative organs of the mature plant, (ii) there is a small set of life cycle-shared mRNAs that is up-regulated during specific periods of seed development, and (iii) at least 18,504 diverse mRNAs are required to program the sporophytic phase of the plant life cycle, a value consistent with the 20,000 diverse mRNAs present in the AtGenExpress GeneChip database (25) .
Seeds Contain a Small Set of Specific mRNAs Enriched for Sequences
Encoding Seed-Specific TFs. By contrast with the large overlap between the mRNA populations present throughout the life cycle, we identified a small set of mRNAs that was specific at the level of the GeneChip for each developmental period, including seeds from fertilization through dormancy (Fig. 4 A and Table S13 in Dataset S2). For example, we identified 289 mRNAs that were seed-specific and not detected at other times of development, including 48 seedspecific TF mRNAs (Fig. 4 A and D and Table S13 in Dataset S2). qRT-PCR experiments with 36 of the seed-specific TF mRNAs indicated that they were either absent from mature plant organs (L, R, S, FBUD) or represented in one or more organs at highly reduced levels. In general, the seed-specific TF mRNAs were reduced in prevalence by 100-to 60,000-fold when present in floral and vegetative mRNA populations (Table S11 in Dataset S2). For example, five seed-specific TF mRNAs [AtbZIP72 (AT5G07160), heat shock protein AT-HSFA9 (AT5G54070), AGL33 (AT2G26320), mybrelated protein (AT5G23650), and Homeobox (HB) protein (AT5-G07260)] were undetectable at both the GeneChip and qRT-PCR levels in mature plant organs. AT-HSFA9 mRNA had been shown previously to be seed-specific (43) . By contrast, LEC1 and LEC2 mRNAs were absent from L, R, and S at the qRT-PCR level but present at a 600-fold (LEC2 mRNA) to 3,000-fold (LEC1 mRNA) reduced levels in FBUD (Table S11 in Dataset S2). Comparison of our seed-specific TF mRNA set against relevant Arabidopsis gene expression datasets (e.g., AtGenExpress) validated that the seedspecific TF mRNAs uncovered here were either not detectable at other periods of the life cycle or present in one or more mature plant organ systems at reduced levels.
The seed-specific mRNAs were distributed into all major functional groups, although 25% encoded proteins that were either unclassified or had no known function (Fig. S5A and Table S14 in Dataset S2). Remarkably, the largest known functional group represented in the seed-specific mRNA population was transcription (18%), reflecting a significant enrichment (48/289) in TF mRNAs (P < 1 × 10
, Fisher Exact Test) (Table S14 in Dataset S2), including 17 of the 23 major TF families represented on the GeneChip (compare Figs. S2B and S5B). Three TF families, ARR-B, MADS, and CCAAT, were overrepresented significantly in the seed-specific TF mRNA population (P < 0.02, Fisher Exact test) (Table S14 in Dataset S2), whereas others (e.g., Trihelix, GRAS, bHLH) had no representatives (Fig. S5B) . Analysis of GO term enrichment categories encoded by the seed-specific mRNA set also showed an enrichment for sequences involved in transcriptional regulation (P < 0.01), seed development (P < 0.001), somatic embryogenesis (P < 0.01), and oil storage (P < 0.001) (Table S15 in Dataset S2). As expected, mRNAs encoding known seed-specific protein markers, such as storage proteins, lea proteins, and oleosin, were also enriched in the seed-specific mRNA population (Table S13 in Dataset S2), reflecting the overrepresentation of sequences in the protein destination and storage category (P < 4 × 10 , Fisher Exact Test) (Fig. S5A and Table S14 in Dataset S2) .
Approximately 80% of the seed-specific mRNAs, including those encoding TFs, were either stage specific (e.g., 24H, GLOB, COT, MG, or PMG) or period specific for two contiguous stages (e.g., 24H-GLOB, GLOB-COT, MG-PMG) during seed development (Fig. 4D and Fig. S5C ). Most were either GLOB-or COT-stagespecific, or were present specifically during the GLOB-COT period of development (Fig. 4D and Fig. S5C ), mirroring what was observed with the seed-stage-specific mRNA set that included half of the seed-specific mRNAs (Fig. 2 B and C) . Together, these data indicate that there is a small set of seed-specific mRNAs, enriched for sequences encoding TFs, that is either absent from mature plant organs or present at highly reduced levels, and that most of these mRNAs accumulate at specific times of seed development when major events required for seed formation occur (Fig. 1) .
Seed-Specific TF mRNAs Are Localized in Different Seed Compartments.
We used chimeric seed-specific promoter-GUS transgenes to localize seed-specific TF gene transcriptional activity within seed compartments (i.e., embryo, endosperm, seed coat) from fertilization through dormancy (Fig. 5A and Fig. S6A ). Several unique transcriptional patterns were observed, including transcription in the (i) entire embryo, (ii) embryonic organs including cotyledons and axis, (iii) endosperm, and (iv) chalazal endosperm (Fig. 5A) . The latter transcriptional pattern was observed for nine different seedspecific promoter-GUS reporter genes (Fig. S6A) . In general, the embryo transcriptional patterns correlated with the accumulation of corresponding seed-specific TF mRNAs late in development (COT-PMG), whereas the endosperm/seed coat transcriptional patterns correlated with seed-specific TF mRNAs that accumulated early in development (GLOB-COT) (Fig. 5A and Fig. S7) .
We used the Harada-Goldberg LCM GeneChip dataset to localize the seed-specific TF mRNAs within all major seed compartments and tissues during development (Materials and Methods), including the (Fig. 5 B and C, Figs. S6B and S7, and Table S19 in Dataset S2). Each seed-specific TF mRNA had a unique temporal-and compartment-specific accumulation pattern (Fig. 5 B and C, and Fig. S7 ). For example, AtbZIP67 mRNA (AT3G44460) accumulated in the (i) embryo proper, (ii) peripheral, micropylar, and chalazal endosperm regions, and (iii) general and chalazal seed coat during the heart (HRT) to MG stages (Fig. 5 B and C) . By contrast, myb TF mRNA AT3G10590 was detected primarily in the chalazal endosperm and seed coat regions during the preglobular (PG) to MG period of development (Fig. 5 B and C) . In general, both the whole seed mRNA accumulation patterns and the GUS transgene localization profiles were congruent with both the temporal and spatial TF mRNA accumulation patterns identified by using the Harada-Goldberg LCM GeneChip dataset (Fig. 5 A and C and Fig. S6 ). Together, these data indicate that the seed-specific TF mRNAs are localized within unique seed compartments at precise times during seed development and that transcriptional processes are primarily responsible for generating the seed-specific TF mRNA accumulation patterns.
Mutations in Genes Encoding Most Seed-Specific TFs Do Not Result in a Detectable Phenotype. Seven of the 48 TF mRNAs uncovered in our seed-specific TF mRNA set encoded important regulatory proteins that resulted in seed-lethal phenotypes when their corresponding genes were mutated, including LEC1, LEC2, FUS3, PEI1, MINISEED3, and MEDEA ( Fig. 4D and Table S20 in Dataset S2) (35, (44) (45) (46) . Mutations (47) in an additional 24 seed-specific TF genes did not result in a seed-lethal phenotype or detectably alter seed development ( Fig. 4D and Table S20 in Dataset S2). Taken together, these data indicate that the seed-specific TF gene set is enriched for important known regulators of seed development, but that mutant alleles of most seed-specific TF genes do not yield a seed phenotype and, as such, the functions of most seed-specific TF genes investigated here are not yet known.
Discussion
We profiled Arabidopsis mRNA sets before, during, and after seed formation, and compared these mRNA sets to those from mature plant organ systems to uncover key transcriptional regulators of seed development. Our experiments showed that at least 16,000 mRNAs are required to program Arabidopsis seed developmentfrom fertilization through dormancy. This is undoubtedly a lower limit due to (i) our use of whole seed mRNAs, (ii) the inability of the GeneChip to detect rare sequences in complex mRNA populations such as whole seeds, and (iii) the incompleteness of the Affymetrix ATH1 GeneChip, which is missing ≈20% of known Arabidopsis genes (36) . If we assume that sequences not included on the GeneChip represent a random collection of genes, then at least 19,000 diverse mRNAs are required to program seed development and make an Arabidopsis seed.
Most diverse seed mRNA sequences are present before fertilization, persist from zygote formation through dormancy, and are represented after seed formation in germinating seedlings and mature plant organ systems. Thus, most seed mRNAs are used in different developmental contexts throughout the plant life cycle, although significant quantitative changes occur in individual mRNA prevalences that correspond with specific seed developmental stages and/or periods of the life cycle. The reduction in the number of seed mRNAs detected during late development (MG-PMG) is probably due to mRNA turnover resulting from the general shutdown in transcriptional processes as the seed enters dormancy (48) . More than a generation ago, we (49) and others (50) , used RNA/cDNA hybridization experiments to investigate mRNA populations during seed development. Our conclusions from that era, using primitive technology that provided the foundation for questions being addressed currently with sophisticated genomics approaches, are in remarkable agreement with those reported here. That is, most diverse seed mRNA sequences (Fig. 4D ) fused with the GUS reporter gene (SI Materials and Methods). Squares in the horizontal bars below each GUS-stained embryo or seed show the GeneChip MAS 5.0 consensus call for the seed-specific TF gene in whole-mount seeds at different developmental stages (Fig. 2) . Blue and gray squares represent consensus detection calls of PP and AA, respectively (see persist throughout development, are represented in mature plant organs, and stage-specific quantitative changes occur in specific seed mRNA sets (49, 50) .
We identified a small set of mRNAs, significantly enriched for sequences encoding TFs, which is either specific for seeds at the qRT-PCR level or present in one or more mature plant organs at levels significantly below those of seed mRNAs that are shared with other periods of the life cycle. These seed-specific mRNAs represent <2% of the total mRNAs present during seed development (289/15,500). At least half of the seed-specific mRNAs, including the seed-specific TF mRNAs, accumulate at specific stages of seed development when major events required for seed formation occur (e.g., GLOB, COT, MG). The remaining seed-specific mRNAs accumulate within temporally contiguous periods that correspond with key seed developmental events as well (e.g., GLOB-COT). Most of the seed-stage-and seed-specific mRNAs identified here accumulate within the GLOB-COT period of seed development, correlating with the period when the majority of Arabidopsis embryo-defective mutants arrest in seed development (51)-a time when critical morphogenetic and biochemical events occur that are required for embryo and seed formation (2) (Fig. 1) . Other mRNAs are specific for the MG-PMG period of seed development when maturation occurs. Almost all of the GLOB-COT-specific mRNAs are localized within the endosperm, whereas the MG-PMG mRNAs are represented within the embryo, although these mRNAs can also be present in other regions of the seed. The temporal and spatial mRNA accumulation patterns for the seed-specific mRNAs correlate with biological processes that occur uniquely within seeds during the plant life cycle; that is, the formation of a triploid endosperm and a maturation period when seeds accumulate high levels of food reserves, prepare for dehydration, and enter dormancy (2, 4).
We identified 48 seed-specific TF mRNAs that most likely play important roles in regulating seed development. This is a lower limit of the number of seed-specific regulators because of the stringent filtering process we used in comparing GeneChip datasets generated in this study (Materials and Methods). If we lower our stringency to include discordant MAS 5.0 consensus calls containing one P and consider TF genes not present on the GeneChip, then the number of seed-specific TF mRNAs could approach 100 or more, but is still a small proportion of the 1,400 diverse TF mRNAs that we detected throughout seed development. Seed TF mRNAs that are shared with other periods of the life cycle clearly play important roles in seed development; however, the seed-specific TF mRNAs uncovered here probably guide processes unique to seeds.
The functions of most seed-specific TF mRNAs uncovered here are not known; however, the seed-specific TF mRNA set is enriched for known regulators of seed development (e.g., LEC1, LEC2, L1L, FUS3, MEDEA) that were uncovered in genetic screens for embryo defective mutants, strongly suggesting that the other seed-specific TF mRNAs will play critical regulatory roles as well. These regulators have been shown to be critical for controlling events unique to seeds; that is endosperm formation and maturation (15, 52) . The critical question is, of course, what role do the remaining seed-specific TF mRNAs in our dataset play in seed development? The localization patterns of most of these seedspecific TF mRNAs also suggest that they are involved in regulating either the differentiation and/or function of the endosperm early in seed development or events required for maturation in either specific embryo regions and/or the seed coat late in development. One clue as to the function of several seed-specific TF mRNAs is the observation that nine are localized in the chalazal endosperm layer during the GLOB-COT phase and correlate with the transcription of their corresponding genes (Fig. S6 ). This seed layer plays an important role in embryo development transferring critical nutrients from maternal to embryonic tissues (2) , and it is possible that the nine chalazal-specific TF genes form a regulatory network required for the differentiation and/or function of this seed region. Analysis of the chalazal endosperm-specific TF gene promoters shows an enrichment for a CARGCW8AT motif (P < 1 × 10 −4 ), which is an AGL15 (AT5G13790) TF binding site (Fig.  S6A) (53) . AGL15 mRNA is present in the Harada-Goldberg LCM chalazal endosperm dataset, suggesting that AGL15 might act upstream of the chalazal endosperm-specific TF genes and play a role in activating at least one chalazal endosperm gene regulatory network.
The roles of most regulatory genes in controlling seed development and how seed gene sets are organized into regulatory networks are not well understood. The seed-specific TF genes uncovered in our study should provide an important starting point for understanding how gene activity is coordinated during seed development to make a seed. Clearly, how specific compartments of the seed are differentiated and the roles that seed-specific TF genes play in this process remain to be determined.
Materials and Methods
Plant Material. Detailed information on (i) growth of Arabidopsis plants, (ii) stages of seed development, and (iii) characteristics of plant material are presented in SI Materials and Methods.
RNA Isolation and Affymetrix GeneChip Hybridization. Details of RNA isolation, biotinylated cRNA synthesis, and hybridization with Affymetrix Arabidopsis ATH1 22K GeneChips (36, 54) are presented in SI Materials and Methods. Two biological replicates were analyzed for each sample and processed at the same time to reduce variability. Signal intensities and detection calls [(P), (A), or (M)] were determined by using Affymetrix MAS 5.0 software default parameters (36, 54) . All of the ATH1 22K GeneChip data were deposited in the Gene Expression Omnibus (GEO) as Series GSE680. Experiments were also carried out by using the first generation Affymetrix Arabidopsis AtGenome1 8K GeneChip (54, 55) with OV, 24H, COT, and MG seed RNAs. These data are not discussed here in detail but are also deposited in GEO as part of Series GSE680.
Analysis of GeneChip Hybridization Data. The consensus call for each probe set was assigned as PP, AA, or MM by combining the detection calls of both biological replicates (36, 54) . Probe sets with different detection calls between biological replicates (e.g., P in replicate 1 and A in replicate 2) were assigned a consensus detection call of INS, or insufficient. We applied a stringent filter to our data by using only probe sets with a consensus call of PP (i.e., P in both biological replicates), and removing probe sets that had consensus calls of either INS or MM from all datasets used for comparative analysis. A detailed description of the process we used to analyze, filter, and compare the results of our GeneChip hybridization experiments, including hierarchical clustering using dChip 1.3 software (56) and GO term enrichment analysis, is presented in SI Materials and Methods.
Real-Time Quantitative RT-PCR Validation of GeneChip Data. qRT-PCR reactions were carried out by using the procedures described in SI Materials and Methods. Primer sequences used for the qRT-PCR reactions are listed in Table  S12 of Dataset S2. qRT-PCR data were evaluated using three criteria: (i) observed vs. expected qRT-PCR product Tm, (ii) technical replicate Ct value reproducibility, and (iii) observed vs. expected qRT-PCR product size. Only qRT-PCR results that satisfied all three criteria were considered reliable and used in this paper.
Localization of TF Gene Activity in Specific Seed Compartments. TF promoter-GUS transgene experiments were carried out according to procedures outlined in SI Materials and Methods. Localization of mRNAs to specific seed compartments were determined by using the Harada-Goldberg LCM GeneChip datasets that are deposited in GEO as Series GSE12402, GSE11262, GSE15160, GSE12403, and GSE15165 for PG, GLOB, HRT, LCOT, and MG stages of seed development, respectively.
